INTRODUCTION
============

The SMN (survival of motor neuron) protein is found in the cytoplasm and nucleus of cells, where it binds tightly to Gemin2 as part of a large multiprotein 'SMN complex' \[[@B1]\]. The SMN complex mediates the ordered assembly of spliceosomal snRNP (small nuclear ribonucleoprotein) particles that are responsible for removing introns from pre-mRNA \[[@B2]--[@B4]\]. During the early steps of snRNP biogenesis, seven Sm proteins are assembled to form a ring around the Sm site of uridine-rich snRNAs (U-snRNAs), resulting in a stable snRNP core. In human cells, assembly of the Sm ring on the snRNA occurs in the cytoplasm and is catalysed by the SMN complex. In addition to SMN and Gemin2, six additional Gemin proteins, plus the protein Unrip, contribute to the cytoplasmic phase of snRNP biogenesis \[[@B5]\]. However, in simpler organisms, snRNP assembly is carried out by a more modest complex that lacks some of the accessory factors found in human cells. This observation, together with demonstrations that the basic steps of snRNP assembly can be carried out *in vitro* with minimal recombinant complexes, suggests that the crucial conserved functions of the SMN complex are carried out by SMN and Gemin2 \[[@B6],[@B7]\].

SMN was first identified as the product of a gene that was found to be deleted or mutated in patients with the disease SMA (spinal muscular atrophy), the leading genetic cause of infant mortality \[[@B8]\]. SMA is an autosomal recessive disorder characterized by degeneration of α-motor neurons in the spinal cord, leading to muscle weakness and poor muscle tone \[[@B9],[@B10]\]. In the most severe cases, patients typically die within the first two years of life due to difficulties in breathing and poor airway protection \[[@B11]\].

Humans are unusual in having two copies of the *SMN* gene, located in a large inverted duplication on chromosome 5q. The telomeric *SMN1* gene is altered in SMA patients, whereas the centromeric *SMN2* gene is unchanged and is often present in multiple copies, where the copy number varies inversely with disease severity \[[@B8],[@B12]\]. Most transcripts from the *SMN2* gene are alternatively spliced, resulting in a truncated SMN that is rapidly degraded \[[@B13],[@B14]\]. Thus SMA patients have sharply reduced amounts of functional SMN protein due to homozygous mutations in *SMN1*; their functional SMN is derived from low levels of expression from one or more copies of the *SMN2* gene.

A strong body of evidence suggests that SMA is caused by defects in snRNP assembly that arise from low levels of SMN \[[@B15]--[@B18]\]. However, SMN appears to have additional functions in specific tissues, including muscle and neural cells \[[@B19],[@B20]\]. The Gemin2 protein has also been implicated in biological processes independent of snRNP assembly \[[@B21],[@B22]\]. An important goal for understanding the function of SMN and Gemin2 has been to establish structural models that can be used to probe the various biological activities of the proteins. Until recently, the only structural information available for either SMN or Gemin2 has been NMR and crystal structures of the central Tudor domain of SMN \[[@B23],[@B24]\]. To address this gap in our understanding of this important system, we have determined the solution structure of SMN bound to Gemin2. The present study reveals the structures of Gemin2 and the Gemin2-binding domain of SMN, the nature of the conserved SMN--Gemin2 interface, and the roles of conserved SMN residues at or near the interface in Gemin2 binding. The structure establishes a framework for structure--function studies in snRNP assembly and other biological processes that involve SMN and Gemin2.

MATERIALS AND METHODS
=====================

Expression and purification of human SMN and Gemin2
---------------------------------------------------

Gemin2, Gemin2^95--280^ and SMN^26--51^ were fused to a C-terminal Mxe intein (New England Biolabs) containing chitin-binding and hexa-histidine tags in pETDuet (Novagen) and expressed in BL21(DE3) cells. Cells were induced with 0.5 mM IPTG (isopropyl β-[D]{.smallcaps}-thiogalactopyranoside) at 15°C for 20 h in LB (Luria--Bertani) medium or for 24 h in Mops minimal medium with ^15^NH~4~Cl as the main nitrogen source and U-\[^12^C/^1^H\] or U-\[^13^C/^1^H\]glucose (Cambridge Isotope Laboratories) as the main carbon source. For leucine-selective ^15^N labelling, the Neidhardt et al. \[[@B35]\] protocol for amino acid-supplemented Mops was followed by the substitution of \[^15^N\]leucine (Cambridge Isotope Laboratories); fractional ^13^C labelling for stereo-specific methyl assignments was achieved with 10% U-\[^13^C/^1^H\]glucose.

Following purification on Ni-NTA (Ni^2+^-nitrilotriacetate) (Qiagen) and chitin (New England Biolabs) resins, Gemin2 and SMN^26--51^ were cleaved from the intein by addition of 50 mM 2-mercaptoethanol and overnight incubation at 20°C. The cleaved proteins were then purified by anion exchange using a Mono Q column (GE Healthcare) with a 0.1--0.4 M NaCl gradient at pH 8.0. SMN^26--51^ was further purified by gel filtration on a Superdex-75 column (GE Healthcare). To form the SMN--Gemin2 complex, SMN^26--51^ was combined in molar excess with Gemin2^95--280^ and the complex was purified on Superdex-75. Purified proteins were concentrated and stored at −80°C in 50 mM sodium/potassium phosphate, pH 6.5, 50 mM NaCl, 50 mM DTT (dithiothreitol) and 10% (v/v) glycerol.

SMN peptide--Gemin2 binding
---------------------------

Purified SMN^26--51^ peptides and an unrelated 32-mer control peptide were labelled with amine-reactive fluorescein-5-isothiocyanate (Invitrogen) in 0.1 M sodium bicarbonate, pH 9.0, to favour labelling of the N-terminus. Binding reactions (100 μl) containing 15 nM FITC-labelled SMN and increasing concentrations of Gemin2 (0--1 μM) were analysed in PBS (10 mM Na~2~HPO~4~, 2 mM KH~2~PO~4~, 137 mM NaCl, 2.7 mM KCl, pH 7.4, and 2 mM DTT) using a Beacon 2000 fluorescence polarization instrument (Panvera). Data were fitted to a simple binding isotherm corrected for receptor depletion. Similar results were obtained by titrating labelled peptide fixed at a concentration of 5 nM, at the expense of weaker fluorescence intensities.

NMR spectroscopy and analysis
-----------------------------

All NMR samples were prepared in Shigemi NMR tubes in buffer containing 50 mM sodium/potassium phosphate, pH 6.5, 50 mM NaCl, 50 mM DTT, 50 μM EDTA, 0.2 mM sodium azide and either 90% H~2~O/10% ^2^H~2~O or 99.99% ^2^H~2~O. Spectra were collected at 25°C at either 750 MHz or 500 MHz (^1^H) on Bruker AVANCE III NMR spectrometers equipped with cryo-probes. Proton chemical shifts were referenced to DSS in the buffer, whereas ^13^C and ^15^N chemical shifts were indirectly referenced. Data were processed using FELIX (Molecular Simulations) and analysed in SPARKY (Goddard, T. and Kneller, D., SPARKY 3, University of San Francisco, 2008). Specific experiments used to assign backbone and side chain resonances are described in the Supplementary methods at <http://www.BiochemJ.org/bj/445/bj4450361add.htm>.

NOE (nuclear Overhauser effect) distance restraints were derived, in H~2~O, from three-dimensional ^13^C-edited NOESY-HSQC (heteronuclear single-quantum coherence) and from four-dimensional HNCH-NOESY-HSQC experiments \[[@B37]\] and, in ^2^H~2~O, from a four-dimensional HCCH-NOESY-HMQC \[[@B38],[@B39]\]. All mixing times were 110 ms. NOE-derived interproton distances were sorted into classes in each NOESY spectrum, corresponding to approximate distance ranges: 1.8--3.0 Å (1 Å=0.1 nm) (strong), 1.8--3.5 Å (medium-strong), 1.8--4.0 Å (medium) and 1.8--5.0 Å (weak). All interproton restraints derived from the aromatic-optimized ^13^C NOESY-HSQC were classified into the 1.8--5.0 Å distance range. A distance restraint involving one or two methyl groups was afforded an empirical correction of 0.5 Å per methyl group added to its upper distance boundary \[[@B40]\].

Backbone torsion angle restraints were derived from chemical shifts using the TALOS+ program \[[@B41]\]. Hydrogen bonds were entered on the basis of secondary structure as indicated by calculated backbone torsion angles for residues that demonstrated slowed hydrogen/deuterium exchange when dissolved in ^2^H~2~O buffer. For residual dipolar couplings, ^15^N-labelled protein was aligned in bacteriophage Pf1 (ASLA Biotech) to a final concentration of 12 mg/ml. ^1^D~HN~ couplings were obtained from a two-dimensional (^1^H,^15^N)-HSQC IPAP (in-phase/antiphase) experiment \[[@B42]\]. SAXS (small-angle X-ray scattering) data were collected at CHESS (Cornell High Energy Synchrotron Source) beamline G1, and APS (Advanced Photon Source) BioCAT 18-ID and PRE (paramagnetic relaxation enhancement) distance restraints were derived from the attenuation of signal intensity of amide resonances in (^1^H,^15^N)-HSQCs collected in the presence of MTSL \[*S*-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate\]-labelled (paramagnetic) SMN^26--51^-Gemin2^95--280^ (C154S/C221S/C264S) and its diamagnetic analogue. Further details of SAXS and PRE restraints are described in the Supplementary methods at <http://www.BiochemJ.org/bj/445/bj4450361add.htm>.

Structure calculations
----------------------

Structures were calculated using the simulated annealing molecular dynamics refinement protocol within the program XPLOR-NIH \[[@B43]\]. The minimized target function comprised NOE- and PRE-derived interproton distance restraints, torsion angle restraints, RDC (residual dipolar coupling) restraints, a SAXS restraint and a quartic van der Waals repulsion term for the non-bonded contacts. A total of 400 structures were generated, of which the 32 lowest-energy structures formed the ensemble. Structure figures were generated using PyMOL (<http://www.pymol.org>).

RESULTS AND DISCUSSION
======================

Identification of a minimal SMN--Gemin2 complex
-----------------------------------------------

SMN and Gemin2 form the core of a large oligomeric complex that sediments similarly to ribosomes on sucrose and glycerol gradients \[[@B25]\]. To identify a minimal complex that contains all of the protein elements required for a stable SMN--Gemin2 interaction, we used bacterial two-hybrid and *in vitro* binding assays to identify the minimal domain boundaries ([Figure 1](#F1){ref-type="fig"}A and Supplementary Figure S1 at <http://www.BiochemJ.org/bj/445/bj4450361add.htm>). We found that an SMN fragment including residues 1--62 (encoding exons 1--2b) binds as well to Gemin2 as fragments including residues 1--209 (exons 1--4) and full-length SMN, but we observed no binding for a fragment including residues 52--209 (exons 2b, 3 and 4). Further deletion of the 1--62 fragment led to a peptide corresponding to residues 26--51 of SMN that was still able to bind with high affinity to Gemin2 ([Figure 1](#F1){ref-type="fig"}B). These results are consistent with some previous reports \[[@B1],[@B26]\], but do not support a role for exon 2b in binding independently to Gemin2 \[[@B27]\].

![A minimal SMN--Gemin2 complex\
(**A**) Domain structures of human (h) SMN and Gemin2. The conserved Gemin2-binding domain, Tudor domain and YG-box are shown for SMN. Minimal interaction domains are shaded. The numbering for Gemin2 follows that used in the original report \[[@B1]\]. (**B**) Binding of SMN^26--51^ to Gemin2 or to Gemin2^95--280^ using fluorescence anisotropy of SMN labelled at the α-amino group with FITC. The average *K*~d~ values fit to binding curves from three independent experiments are 7.0±2.5 and 3.3±1.8 nM for Gemin2 and Gemin2^95--280^ respectively. Error bars represent one S.D. from the mean for three independent experiments. No binding was observed to a labelled unrelated peptide (NC, negative control).](bic220i001){#F1}

A minimal SMN-binding domain of Gemin2 was identified as residues 95--280 ([Figure 1](#F1){ref-type="fig"}A and Supplementary Figure S1). Additional deletions of up to 15 residues from the N-terminus were tolerated, but secondary structure predictions indicated that these involved truncations of a long α-helix. These results are in broad agreement with previous findings based on a mammalian two-hybrid assay \[[@B26]\]. The Gemin2^95--280^ core domain binds to SMN^26--51^ tightly, and with similar affinity compared with full-length Gemin2 ([Figure 1](#F1){ref-type="fig"}B). Gemin2 and Gemin2^95--280^ also bind to larger SMN constructs with similar efficiency in qualitative interaction assays (Supplementary Figure S1). The complex formed between SMN^26--51^ and Gemin2^95--280^ (24 kDa; shaded regions in [Figure 1](#F1){ref-type="fig"}A) proved to be highly soluble and monodisperse in solution, with no evidence of oligomerization on the basis of analytical ultracentrifugation and static light scattering analyses (Supplementary Figure S2 at <http://www.BiochemJ.org/bj/445/bj4450361add.htm>). This complex was refractory to crystallization, but was sufficiently soluble to be a candidate for structure solution by NMR methods.

Solution structure of the core SMN--Gemin2 complex
--------------------------------------------------

To determine the solution structure of the core SMN--Gemin2 complex using heteronuclear NMR methods, we expressed and purified ^15^N- and ^13^C-enriched SMN^26--51^ and Gemin2^95--280^ and obtained comprehensive resonance assignments using triple resonance, total correlation spectroscopy and NOE-based strategies (see the Materials and methods section). Structural restraints were primarily interproton distances derived from three- and four-dimensional ^15^N- and ^13^C-edited NOE spectra and backbone dihedral restraints based on chemical shifts. Orientational restraints included in refinement were derived from residual dipolar couplings measured in a liquid crystalline medium containing bacteriophage Pf1, and a restraint on overall molecular shape was imposed from SAXS data (additional SAXS data are presented in Supplementary Figure S3 at <http://www.BiochemJ.org/bj/445/bj4450361add.htm>). Additional distance restraints were obtained from PREs, where Cys^241^ of Gemin2 was coupled to a paramagnetic nitroxide spin label. The structure was determined by simulated annealing molecular dynamics refinement using these restraints. Out of 400 trial structures, we selected the 32 with the lowest energy to define an ensemble that represents the structure of SMN^26--51^--Gemin2^95--280^ ([Figures 2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B). Most of the structure is well defined ([Table 1](#T1){ref-type="table"}). The major exception is a large poorly conserved loop in Gemin2 (residues 150--175) that is disordered, with no long-range NOEs observed. This region of the protein is highly mobile, as indicated by the relatively long ^15^N T~2~ relaxation time constants ([Figure 2](#F2){ref-type="fig"}C). In addition, the first seven residues in the SMN peptide (residues 26--32) are disordered, which is consistent with their lack of importance for Gemin2 binding as indicated by our interaction assays.

###### Summary of structural ensemble statistics

  Parameter                                               Value
  ------------------------------------------------------- ---------------
  Experimental restraints                                 
   NOE distance restraints                                
    All                                                   1849
    Intraresidue                                          616
    Sequential (\|*i*−*j*\|=1)                            541
    Medium-range (1\<\|*i*−*j*\|\<5)                      453
    Long-range (\|*i*−*j*\|\>5)                           239
    Interprotein                                          50
   PRE distance restraints                                31
   Hydrogen bond restraints                               55
   Dihedral angle restraints                              
    Φ                                                     139
    Ψ                                                     134
   ^15^N-^1^H RDCs                                        84
  RMSD from idealized covalent geometry                   
   Bonds (Å)                                              0.0040±0.0001
   Angles (°)                                             0.589±0.006
   Impropers (°)                                          0.441±0.011
  RMSD from solution NMR restraints                       
   NOE distance restraints (Å)                            0.021±0.001
   PRE distance restraints (Å)                            0.042±0.009
   Dihedral restraints (°)                                0.787±0.069
   RDC restraints (Hz)                                    0.116±0.014
  RMSD from SAXS data[\*](#T1TFN1){ref-type="table-fn"}   0.740±0.050
  RDC quality factor                                      0.311±0.012
  Precision of atomic co-ordinates                        
   Secondary structure[†](#T1TFN2){ref-type="table-fn"}   
    Backbone (N, Cα, C\', O) (Å)                          0.596±0.096
    Heavy atoms (Å)                                       1.056±0.081
  Ramachandran statistics                                 
   Favoured (%)                                           98.0
   Allowed (%)                                            1.8
   Disallowed (%)                                         0.2

\*RMSD between observed and predicted solution X-ray scattering intensities.

†The secondary elements used were as follows: Gemin2 residues 107--124,142--148, 180--185, 188--201, 210--220, 229--246 and 259--269; SMN residues 38--48.

![Structure of SMN bound to Gemin2\
(**A**) Stereo overlay of C~α~-traces for the 32 lowest-energy structures. (**B**) Ribbon drawing of the lowest-energy structure. SMN^26--51^ is in red and Gemin2^95--280^ is in blue. The Gemin2 helices are numbered. (**C**) Backbone amide ^15^N T~2~ relaxation times of Gemin2 and the bound SMN peptide. Obtained at 750 MHz (^1^H). Helices are depicted above the graph as coloured rectangles for reference. High T~2~ times are indicative of increased backbone flexibility.](bic220i002){#F2}

Gemin2^95--280^ folds into a helical bundle containing seven α-helices ([Figure 2](#F2){ref-type="fig"}B). The locations of helical secondary structure agree well with those predicted by a number of prediction algorithms. The Gemin2-binding domain of SMN also forms an α-helix and this helix is embedded in an elongated hydrophobic cavity formed by Gemin2 helices 1, 3, 5 and 7. A search of the Dali database \[[@B28]\] using either the lowest-energy Gemin2^95--280^ structure or the SMN--Gemin2 complex yielded no strong matches. The highest scoring hits had RMSDs (root mean square deviations) \>3 Å and typically identified the four-helix bundle formed by helices 4--7 of Gemin2, which is similar to that found in a number of helical subdomains. Thus the overall spatial arrangement of helices in Gemin2 and in the SMN--Gemin2 complex appears to be unique.

The conserved SMN--Gemin2 interface
-----------------------------------

The definition of the SMN--Gemin2 interface is largely derived from 50 intermolecular NOEs ([Figure 3](#F3){ref-type="fig"}). Eleven of the 18 SMN residues from Ile^33^ through Phe^50^ are positioned close to the Gemin2 core domain. The SMN helix is strongly amphipathic, with its hydrophobic face largely buried in a cavity formed by Gemin2 helices 1, 3, 5, and 7. In the lowest-energy structure, the SMN--Gemin2 interface buries a total of 1800 Å^2^ of solvent-accessible surface area, which is consistent with a high-affinity interaction. There are also several polar interactions flanking the hydrophobic SMN--Gemin2 interface, which we infer from side chain positions. The Gemin2 residues involved in binding to SMN are located throughout the sequence, explaining why more extensive deletions into the 95--280 construct result in loss of SMN-binding activity \[[@B29]\] and why a smaller SMN-binding domain has not been previously reported.

![The conserved SMN--Gemin2 interface\
(**A**) Close-up of the interface. Gemin2 residues that make up the interface are grey. SMN residues involved in binding Gemin2 are red. The residues mutated in some SMA patients (Asp^30^ and Asp^44^) are black. Only selected SMN residues are labelled. (**B**) Binding of SMN^26--51^ mutants to Gemin2^95--280^ using the fluorescence anisotropy assay described in [Figure 1](#F1){ref-type="fig"}. Each binding titration was repeated 3--6 times and the average *K*~d~ value is shown. Error bars represent one S.D. from the mean. WT, wild-type. (**C**) Planes of a four-dimensional HCCH-NOESY-HMQC spectrum of the SMN^26--51^--Gemin2^95--280^ complex, aliased one sweep width upfield and downfield in the ^13^C dimension, illustrating some of the intermolecular ^1^H-^1^H NOEs defining the interface of the complex. Red labels indicate ^1^H-^1^H NOEs to SMN and blue labels indicate ^1^H-^1^H NOEs to Gemin2. Obtained at 750 MHz (^1^H) with a mixing time of 110 ms.](bic220i003){#F3}

Given the hydrophobic nature of the SMN--Gemin2 interface observed in the NMR structure, we examined the effects of ionic strength, temperature and non-denaturing detergents on the affinity of the interaction. In PBS, SMN^26--51^ binds to Gemin2^95--280^ with *K*~d~=3.3±1.8 nM ([Figure 1](#F1){ref-type="fig"}B). As the salt concentration is increased to 300 mM and then 600 mM, the binding affinity remains similar, with *K*~d~ values of 5.2±1.8 and 2.4±1.5 nM respectively. Binding is relatively unaffected in PBS at 4°C or in PBS at 25°C containing 0.05% NP40 (Nonidet P40) (*K*~d~=2.3±0.92 and 2.2±1.7 nM respectively). Importantly, however, the combination of 4°C and detergent substantially weakens the affinity, with *K*~d~=180±27 nM. These observations, summarized in [Table 2](#T2){ref-type="table"}, are consistent with the primarily hydrophobic interface observed in the structure and shown in [Figure 3](#F3){ref-type="fig"}(A).

###### SMN^26--51^--Gemin2^95--280^ dissociation constants

*K*~d~ values reported are the average of three to six individual binding titrations. The *K*~d~ value for SMN D44V in NP40-containing buffer at 4°C could not be determined precisely, but a lower limit of 4 μM could be established.

  SMN^26--51^   Gemin2    Buffer[\*](#T2TFN1){ref-type="table-fn"}   Temperature (°C)   *K*~d~ (nM)
  ------------- --------- ------------------------------------------ ------------------ -------------
  Wild-type     12--280   PBS                                        25                 7.0±2.5
  Wild-type     95--280   PBS                                        25                 3.3±1.8
  Wild-type     95--280   PBS, 300 mM NaCl                           25                 5.2±1.8
  Wild-type     95--280   PBS, 600 mM NaCl                           25                 2.4±1.5
  Wild-type     95--280   PBS                                        4                  2.3±0.92
  Wild-type     95--280   PBS+NP40                                   25                 2.2±1.7
  Wild-type     95--280   PBS+NP40                                   4                  180±27
  W34A          95--280   PBS                                        25                 16±2.2
  D35A          95--280   PBS                                        25                 6.8±2.1
  D36A          95--280   PBS                                        25                 8.3±2.5
  L39A          95--280   PBS                                        25                 74±41
  K41A          95--280   PBS                                        25                 4.8±1.0
  Y43A          95--280   PBS                                        25                 510±130
  D44A          95--280   PBS                                        25                 5.3±2.4
  D44V          95--280   PBS                                        25                 8.4±2.4
  D44V          95--280   PBS                                        4                  1.5±0.47
  D44V          95--280   PBS+NP40                                   25                 1800±240
  D44V          95--280   PBS+NP40                                   4                  \>4000
  A46N          95--280   PBS                                        25                 42±5.9
  p28, p31      95--280   PBS                                        25                 4.2±1.3

\*PBS: 10 mM Na~2~HPO~4~, 2 mM KH~2~PO~4~, 137 mM NaCl, 2.7 mM KCl, pH 7.4, and 2 mM DTT; NaCl concentration is modified where indicated.

SMN sequence alignments reveal that most of the residues involved in the interface with Gemin2 are conserved (Supplementary Figure S4 at <http://www.BiochemJ.org/bj/445/bj4450361add.htm>). Leu^39^, Ala^42^, Tyr^43^, Ala^46^ and Val^47^ are largely buried ([Figure 3](#F3){ref-type="fig"}A), with little solvent-accessible surface in members of the low-energy structural ensemble. In addition, Asp^36^ is directed towards the Gemin2 interface, where it could interact with His^120^ and/or Trp^124^. To examine the role of conserved SMN residues in Gemin2 binding, we prepared a series of SMN^26--51^ alanine substitutions and tested them for binding to Gemin2^95--280^ ([Figure 3](#F3){ref-type="fig"}B). Binding affinity was reduced more than 100-fold for Y43A, 20-fold for L39A and 10-fold for A46N, all in accord with their apparent roles in Gemin2-binding. Asp^44^ is the site of a SMA patient mutation in SMN, where a valine residue is substituted in this position \[[@B30]\]. Although Asp^44^ is well positioned to make an electrostatic interaction with Arg^213^ of Gemin2, it is unclear whether this would make a significant energetic contribution to binding. We therefore tested the D44A and D44V mutants for interaction with Gemin2. As peptides, each bound as well as wild-type SMN, suggesting that the functional defect in patients with the D44V mutation is unlikely to be the loss of an Asp^44^ interaction with Gemin2.

To determine if full-length SMN mutants have similar binding properties, we purified full-length versions of the same mutants shown in [Figure 3](#F3){ref-type="fig"}(B) and tested their ability to bind to GST (glutathione transferase)--Gemin2 (Supplementary Figure S5 at <http://www.BiochemJ.org/bj/445/bj4450361add.htm>). The results with full-length SMN and Gemin2 proteins were qualitatively similar to those observed with the shorter constructs, with two exceptions. Full-length SMN D36A and D44V display modest Gemin2-binding defects that were not observed in the peptide-binding assay. Because the binding and wash buffers used in the GST pull-down assays contained detergent (routinely used to reduce non-specific binding), we questioned whether some of the mutants might be particularly sensitive to the presence of detergents. To address this possibility, we repeated peptide-binding experiments for SMN D44V in the presence and absence of 0.05% NP40, both at 25°C and at 4°C. Binding of SMN^26--51^ D44V to Gemin2 was reduced by a factor of \~500 at 25°C in the presence of detergent, but not at 4°C in the absence of detergent ([Table 2](#T2){ref-type="table"}). When the two effects were combined, only weak binding could be observed over the range of our titrations, indicating a *K*~d~ value greater than 4 μM. Thus the combined effects of low temperature and detergent observed for wild-type SMN^26--51^ are amplified for the D44V mutant. In the absence of detergent, full-length SMN D44V binds to GST--Gemin2 with three-fold higher efficiency (Supplementary Figure S5), qualitatively similar to wild-type SMN.

Conclusions from previous studies on the SMA patient mutation D44V have been mixed. In their original report of this mutation, Sun et al. \[[@B30]\] showed that binding to Gemin2 is unaffected. However, Ogawa et al. \[[@B26]\] have reported that binding of Gemin2 to a truncated SMN containing exons 1--5 is diminished with the D44V mutant, both in mammalian two-hybrid and *in vitro* pull-down assays. Most recently, Zhang et al. \[[@B29]\] have reported complete abrogation of the SMN D44V--Gemin2 interaction, using GST pull-down experiments carried out at 4°C in the presence of detergent. Interestingly, SMN has been shown to be cleaved by calpain *in vivo* at a site that is located in the C-terminal half of the protein \[[@B19]\]. The SMN D44A mutant is less efficiently cleaved by calpain, and this effect is dependent on SMN oligomerization \[[@B31]\]. This suggests that Asp^44^, and perhaps other conserved SMN residues in this region that are not strictly required for Gemin2 binding, may be involved in higher-order interactions within the oligomeric SMN complex \[[@B26]\]. Indeed, the idea that the region encoded by exon 4 may interact with the Gemin2-binding domain has already been proposed \[[@B27]\].

A second SMA patient mutation, D30N, is located upstream of the Gemin2-binding domain of SMN. Asp^30^ is present in the peptide used for our NMR and binding studies, but this region is unstructured. As expected, the SMN D30N mutant bound efficiently to Gemin2 (Supplementary Figure S5), in agreement with a previous report \[[@B30]\]. This region of SMN also contains known phosphorylation sites at Ser^28^ and Ser^31^ \[[@B32]\]. Although these residues play no obvious role in binding to Gemin2, we wanted to determine whether their phosphorylation would affect binding. We observed no change in the affinity of Gemin2^95--280^ binding to SMN^26--51^ peptide containing phosphoserine at positions 28 and 31 ([Table 2](#T2){ref-type="table"} and Supplementary Figure S5), in agreement with previous results showing that there was no effect in the context of full-length Gemin2 \[[@B32]\].

Surprisingly, several of the most strongly conserved residues in the Gemin2-binding domain of SMN play no obvious role in binding to Gemin2. The most conspicuous of these are the invariant Trp^34^ and Asp^35^, as well as strongly conserved Lys^41^ and Asp^44^. In accordance with the lack of SMN--Gemin2 NOEs involving these residues, their alanine substitutions each bind with high affinity to Gemin2. Of these, only the W34A substitution shows a modest (three-fold) reduction in binding affinity compared with the wild-type construct ([Figure 3](#F3){ref-type="fig"}B and [Table 2](#T2){ref-type="table"}).

Integral role of SMN in stabilizing Gemin2 structure
----------------------------------------------------

The arrangement of helices that form the SMN-binding pocket suggests that SMN may play a role in stabilizing the fold of Gemin2. Whereas helices 2--7 of Gemin2 could in principle form a globular helical bundle on their own, a substantial fraction of the interactions made by helix 1 involve SMN. It therefore seems unlikely that the Gemin2 structure observed when bound to SMN would be stable in the absence of SMN. Indeed, the HSQC spectrum of Gemin2^95--280^ shows substantial line broadening and a loss of peak dispersion, indicating a poorly defined structure when SMN is not bound ([Figure 4](#F4){ref-type="fig"}A). Solution scattering analysis of Gemin2^95--280^ indicates an elongation of that domain in the absence of SMN, with an increase in radius of gyration from 19 to 25 Å and an increase in the maximum dimension from 54 to 75 Å ([Figure 4](#F4){ref-type="fig"}B and Supplementary Figure S3). These changes could be interpreted as an unfolding of the N-terminal 30--40 residues of the Gemin2 core domain in the absence of stabilizing interactions involving SMN. A destabilization of Gemin2 in the absence of SMN could explain in part the decrease in cellular Gemin2 observed when SMN levels are experimentally reduced \[[@B33],[@B34]\].

![Properties of SMN-bound compared with unbound Gemin2\
(**A**) Overlay of (^1^H,^15^N)-HSQC spectra of Gemin2^95--280^ (red) and Gemin2^95--280^ bound to SMN^26--51^ (blue). (**B**) Comparison of the P(r) shape functions for Gemin2^95--280^ (broken line) and Gemin2^95--280^--SMN^26--51^ (continuous line). Geometric parameters derived from SAXS measurements are summarized in Supplementary Figure S3 at <http://www.BiochemJ.org/bj/445/bj4450361add.htm>.](bic220i004){#F4}

Conserved surfaces of the SMN--Gemin2 complex
---------------------------------------------

Many of the highly conserved residues in Gemin2 have obvious roles in interhelical packing and formation of the SMN-binding pocket. Some, however, are on or near the surface of the protein, suggesting that they may be involved in forming functional interaction surfaces. Similarly, only a subset of the highly conserved residues in SMN^26--51^ plays critical roles in binding to Gemin2. The others, including Trp^34^, Asp^35^, Lys^41^ and Asp^44^, contribute to the formation of a composite SMN--Gemin2 surface that we suggest is involved in some aspect of SMN complex structural organization and/or snRNP assembly ([Figure 5](#F5){ref-type="fig"}).

![Conserved surfaces in the SMN--Gemin2 complex\
(**A**) View of the SMN--Gemin2 surface in the same orientation as shown in [Figure 2](#F2){ref-type="fig"}(B). (**B**) View of the opposite side of the complex. Conserved residues (boldface type in Supplementary Figure S4 at <http://www.BiochemJ.org/bj/445/bj4450361add.htm>) are drawn in red for SMN and dark blue for Gemin2. Other residues are in pink for SMN and pale blue for Gemin2.](bic220i005){#F5}

Chari et al. \[[@B6]\] have shown that a complex composed of Gemin2 bound to the N-terminal half of SMN binds to a 6S complex composed of the Sm proteins D1, D2, E, F and G, and the Sm chaperone pICln. In the context of a larger SMN complex, pICln is displaced, leading to assembly of the snRNP core from the bound Sm pentamer, SmD3--SmB, and snRNA. While the present paper was under review, Zhang et al. \[[@B29]\] reported the crystal structure of a SMN^26--62^--Gemin2--SmD1,D2,F,E,G complex, representing a minimal version of the complex identified by Chari et al. \[[@B6]\]. Surprisingly, the structure reveals that the Sm pentamer is bound by Gemin2, and neither SMN nor the SMN--Gemin2 interface is involved. In the context of the present study, some of the conserved surface elements shown in [Figure 5](#F5){ref-type="fig"}(B) can now be identified as the binding site for SmD1--SmD2 in the Sm pentamer. However, the majority of the conserved surfaces in the core SMN--Gemin2 complex are not accounted for by the Sm pentamer interaction.

Changes in the SMN--Gemin2 core upon binding the Sm pentamer
------------------------------------------------------------

The crystal structure of SMN^26--62^--Gemin2 bound to a Sm pentamer \[[@B29]\] reveals that the globular core domain of Gemin2 (residues 89--280) is responsible for interacting with SmD1 and SmD2, whereas the extended N-terminal region (residues 25--88) wraps around the Sm pentamer and engages SmD2, SmF, SmE and SmG. The present study provides an opportunity to investigate structural changes that may occur in the SMN--Gemin2 core domain upon forming these interactions. A superposition of the crystal and NMR structures of SMN--Gemin2 is shown in two orientations in [Figure 6](#F6){ref-type="fig"}. The lobe of Gemin2 that forms the SmD1--SmD2 binding surface, formed by the turn between α5 and α6 and the C-terminal end of α7, is most similar between the two structures ([Figure 6](#F6){ref-type="fig"}B). This implies that Gemin2 is pre-configured for interaction with the Sm pentamer when bound to SMN.

![Superposition of the SMN--Gemin2 complex (lowest-energy structure) with the SMN--Gemin2-Sm pentamer structure (PDB code 3S6N)\
The RMSD for Cα atoms in the Gemin2 helices is 1.98 Å. (**A**) View of the SMN-binding surface of Gemin2. The displacement of α2 and divergence of α1, α3, α4, and α7 are indicated by arrows. Crystal lattice contacts involving Sm proteins in different biological units are indicated schematically. The Sm pentamer is omitted for clarity. (**B**) Orthogonal view showing the interface with SmD1--SmD2 and the stronger overlap of NMR and crystal structures in the binding region.](bic220i006){#F6}

In contrast, regions of Gemin2 not involved in Sm protein binding show substantial differences between the two structures, giving rise to an overall RMSD of 1.98 Å for Cα atoms in the seven Gemin2 helices. The short α2 helix, for example, is rotated by \~120° and translated by \~6 Å in the crystal structure, violating several long-range NOEs observed in solution. The positions of α1, α3, α4 and α7 are also displaced in the crystal structure relative to the low-energy ensemble of NMR structures. For α7, the helices overlap well at the C-terminus, near the interface with SmD1--SmD2, but diverge as the distance from the interface increases. Since the two structures overlap well in the region where SmD1 and SmD2 are bound, it seems unlikely that discrepancies in helical positions and orientations are due to a reorganization that occurs upon binding to Sm proteins. Examination of crystal packing and the N-terminus of the Gemin2 core domain provides more plausible explanations.

The α2 helix, which is flanked by disordered loops in the crystal structure, contacts an adjacent SmG molecule which shifts its position. The α4 helix makes close contact with a neighbouring SmD1 molecule in the crystal, an interaction that also appears to influence the position of the helix. Similarly, the N-terminus of the α1 helix is buttressed by an adjacent SmD2 molecule, resulting in shifts in not only α1 but in the positions of α3 and the SMN helix as well. Each of these lattice contacts, shown schematically in [Figure 6](#F6){ref-type="fig"}, involve symmetry-related Sm proteins that are not part of the biological unit identified by the authors, and would therefore not be present in solution. In each case, the helix positions adopted by low-energy members of the NMR ensemble would not be possible in the context of the crystal structure owing to these crystal lattice contacts.

A shift in the orientation of α7 instead appears to be a consequence of the presence of additional residues at the N-terminus of the Gemin2 core domain. In the crystal structure, these residues serve as the connector to the N-terminal segment that wraps around the Sm pentamer. As a consequence of this structural motif, Gemin2 residues 90--98 cap one end of the core domain and shift α7 towards the centre of the domain ([Figure 6](#F6){ref-type="fig"}). In this case, the crystal structure represents a more likely position for this helix when Gemin2 is bound to the Sm pentamer. In the absence of Sm proteins, it is unclear whether a similar position would be adopted by Gemin2. Residues 95--98 are present in the construct used for the NMR structure, but a conformation similar to that observed in the crystal structure is not energetically favoured.

An analysis of NOE measurements in the context of the crystal structure model reveals 215 violations where interproton distances exceed the expected range by more than 0.6 Å. These violations involve 80 Gemin2 residues and 11 SMN residues and include 10 intermolecular Gemin2--SMN NOEs. Only a small number of violations (\~20) involve residues that interact directly with SmD1 and SmD2 and might therefore be expected as a consequence of side chain remodelling during the formation of the Gemin2--Sm interface. We attribute the majority of differences between the solution and crystal structures to artefacts introduced by formation of the crystal lattice and not to structural differences between the Sm-bound and unbound states. A smaller number of violations are due to the presence of additional structure at the N-terminus of the Gemin2 core domain in the crystal structure, as described above and shown in [Figure 6](#F6){ref-type="fig"}.

Expanding our understanding of Gemin2
-------------------------------------

The present study both complements the crystal structure model of Gemin2 bound to a Sm pentamer and expands our understanding of Gemin2 and of the Gemin2--SMN interface. Zhang et al. \[[@B29]\] revealed that Gemin2 is primarily responsible for tethering the pentamer of Sm proteins in preparation for snRNP assembly and the crystal structure of the Gemin2--SMN--Sm~5~ complex provides a molecular understanding of how this occurs. The Sm proteins and the region of Gemin2 involved in binding SmD1 and SmD2 are very well defined in the structure, with an average B-factor of 38 Å^2^ for the Sm pentamer. However, the remainder of the Gemin2 core domain and the Gemin2--SMN interface are less well defined, with an average B-factor of 68 Å^2^ and 20 out of 186 residues missing from the model due to disorder (excluding the 150--175 loop that is also poorly defined in the NMR ensemble). Given the high average B-factors, the numerous lattice contacts that would prevent the adoption of a solution-like structure in the crystal and the large number of NOE violations, we would argue that some aspects of the NMR ensemble better describe the structure of the Gemin2 core bound to SMN and that the two structural models are highly complementary with respect to the information that they provide.

Understanding the Gemin2--SMN interaction has been the major focus of the present study. These results, summarized in [Figure 3](#F3){ref-type="fig"}, Supplementary Figure S5 and [Table 2](#T2){ref-type="table"}, complement and greatly expand the work of Zhang et al. \[[@B29]\]. Our panel of alanine substitutions within the Gemin2-binding domain of SMN is readily explained by both the NMR and crystal structure models and provides a quantitative basis for understanding the roles of individual residues in binding to Gemin2. A particularly interesting subset of these residues includes those that are highly conserved yet contribute little energetically towards interacting with Gemin2. We suggest that these amino acids contribute to the formation of a conserved, solvent-accessible surface on the SMN--Gemin2 complex that is likely to be involved in higher-order interactions within the SMN complex. Finally, comparisons of SMN-bound versus unbound Gemin2 using solution scattering data and HSQC spectra indicate that SMN plays an integral role in stabilizing the folded three-dimensional structure of Gemin2.

One aspect of the present study that contrasts with the work of Zhang et al. \[[@B29]\] is the functional consequence of the type III SMA patient mutation D44V. We found that a SMN peptide containing this substitution bound to Gemin2 with similar affinity as the wild-type peptide, and full-length SMN D44V binding to Gemin2 was within a factor of two relative to wild-type SMN in qualitative assays carried out in the absence of detergents. Zhang et al. \[[@B29]\] reported that Gemin2 binding is abrogated for this substitution on the basis of GST--Gemin2 pull-down of *in vitro*-translated SMN compared with SMN D44V. On the basis of the structure of the SMN--Gemin2 interface, one rationale for a role of Asp^44^ interacting with Gemin2 is a potential electrostatic interaction with Arg^213^ that would be disrupted with the D44V substitution. Our binding studies using SMN peptides indicate no disruption of the SMN--Gemin2 interaction at high salt concentrations (600 mM NaCl), arguing against an essential electrostatic component of the interaction. We also investigated the effects of temperature and non-ionic detergent and found that although neither strongly affects the SMN--Gemin2 interaction alone, the combination of 4°C and 0.05% NP40 reduces the affinity of the wild-type SMN--Gemin2 interaction by a factor of \~60 and reduces the SMN D44V--Gemin2 interaction by at least 1000-fold. These conditions were used in the pull-down assay described by Zhang et al. \[[@B29]\], perhaps explaining the complete loss of interaction observed, rather than a modest effect that might be more consistent with the mild SMA phenotype of the D44V variant.

Other cellular functions for Gemin2
-----------------------------------

Gemin2\'s involvement in snRNP assembly as part of the SMN complex is well documented. However, previous studies have also implicated Gemin2 in other biological processes, including HIV infection and homologous recombination. During HIV-1 infection of cells, Gemin2 functions with the integrase protein to stimulate viral cDNA synthesis by facilitating reverse transcriptase loading on to viral RNA. This idea is supported by a direct interaction between Gemin2 and HIV-1 integrase, as well as strong negative effects in the efficiency of HIV infection when Gemin2 expression is reduced \[[@B21]\]. Similarly, an interaction between Rad51 and Gemin2 has been reported in a study showing that Gemin2 enhances Rad51\'s activity in homologous pairing and strand exchange \[[@B22]\]. It is not clear in these studies how HIV integrase and Rad51 bind to Gemin2 and which functional surfaces of the protein might be exploited in carrying out the respective biological activities. However, it should now be straightforward to identify the regions of interest using the structural framework for Gemin2 reported in the present paper.

Online data
===========
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[^1]: NMR chemical shifts have been deposited in the BioMagResBank ([www.bmrb.wisc.edu](http://www.bmrb.wisc.edu)) under the accession number 17711. The structural co-ordinates of the 32 lowest-energy structures will appear in the PDB under accession code 2LEH.
